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1. Background

1.1. “Low-cost air qualitysensors

Manufacturers have recently begun marketing towast air quality sensors to measure air pollutiand
considering how fast the air monitoring sensor technology is evolving, it is likely that the availability of
such sensors in terms of both type and numbers will continue to grow imeaefuture. These devices,
provided they produce reliable dataam significantly augment and improve current ambient air
monitoring capabilities thahow predominantly rely on more sophisticated and expensive fisiel
federalreferencemonitoring devices and method#n particular these devices can be deployed near
specific sources to better characterize local levels of air contaminants or over a wider geographic area to
identify spatial ad temporal trendsGiven theirlow-cost’, these sensors are becoming an attractive
means for local environmental groups and iriduals to independently evaluate air quality. The new
approach is receiving acknowledgement froine U.S. EPA and will likely introduce a paradigm shift to
supplement traditional air monitoring by air regulatory agencies with commtbaged monitoring usg

air monitoring sensors. Due to théeilow-cost’ and ease of use, such devices also have the potential of
becoming highly effective toofer introducing and engaging students and community groups in air quality
matters.

Thereare, however, no indepeneht objective means by which these devices can be evaluated, and data
from these monitors are usually accepted at face value with no opportunity to evaluate their accuracy
and overall quality. In fact, preliminary tests performed in the U.S. and in Egex®a to suggest that
many of the commercially available air monitoring sensors have poor to modest reliability, do not perform
well in the field under ambient conditions, and do not typically correlate well with data obtained using
“standar d” nmethads empleyecehy tegulaiory agencies. Poor quality data obtained from
unreliable sensors, especially that in conflict with data obtained from traditiandimore sophisticated
monitoring networks, may not only lead to confusion but may also jeopardize the successful evolution of
this“ |l @wst” sensor technology. Therefore, there i
performance of air monitorig sensors as well as to educate the public and users about the potential and
limitations of these devices.

1.2. Air Quality Sensor Performance Evaluation CenterSREC)

In an effort to provide the public with mueateeded information about the actual perimance of
commerci al | y¢c @ayvta’i | s dSbwhoQbdastAiwQualey Management DistrBCAQMD
hasestablisled the Air Quality Sensor Performance Evaluation CenterSREC) perform thorough
performance characterization of currently aledile sensors using both fieléind laboratorybased
testing In the field, air quality sensomre operated sideby-side with Federal Reference Methods and
Federal Equivalent Methods (FRM &tV respectivelyjhat areroutinely used to measure air potants
concentrations for regulatory purposésee Appendix All sensorsre evaluated in triplicates and for a
period of two months to provide better statistical information of overall performarioghe lab, astate-
of-the-art characterization chambeis used to challenge the sensors with known concentrations of
different particle and gaseous pollutants undemtrolledenvironmentalconditions.

This document describes the laboratory testing proceduweed by SCAQMD Staff to evaluate the
performancedé c ommer ci al lcy sar dualityseadors endet Knawvw laboratory chamber
conditions of relative humidity (RH), temperature (T), pollutant and interfering species concengration
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data collected, documentation developed, and testing resolitained during this projecare organized
and posted online as part of the ARPEC websitevivw.agmd.gov/agspeg and made available for free
to educate the public on the capabilities of commercially availablgualitysensors and their potential
applications. Senseaelated events and workshop informati@me alsoposted on this website.

1.3. Sensor selection criteriafor ABPEC’ s | aboratory evaluation

Sensors are selected ftasting at AQSPEChEth fieldand laboratory based uporthe following criteria:

1 The sensor shatle commercially available.

1 The sensor shall measure one or more of the National Ambient Air Quality Standards (NAAQS)
criteria pollutants, air toxics, pollutants of concern and rantoxics. Examples of the targeted
gases and particles are carbon monoxide (CO), ozoge ifiirogen oxides (N particulate
matter (PM), volatile organic compounds (VOCSs), hydrogen sulfidd 8dd methane (Ch.

The sensor shiehave high sensitivity ambient leveland low concentrations

The sensor shall provide rear nearreal time measurementdn order to be considered for
evaluation, a sensor must have the ability to either store data internally or log data to a computer
via a supplied softwarer have a serial port output. Logging data to a cloud based server is also
acceptable. Sensors store data in other ways might be accommodated, provided confirmation by
AQSPEC team.

1 The sensor shall have the capability of continuonshning for at leastwo months, using AC or

DC power.

1 The market cost of theemisor shall be less than $2000. Ifi@vicepresents as anulti-pollutant
sensorbox, then the cost per pollutant typ@ndividual sensordhould be less than $2000.

=a =

Sensors are firstevaluatedi t he fi el d at one of SCAQMD’'s fi xed
Depending on the fieltesting results, sensors, whittave shown acceptable performance (correlation
coefficient R> 0.40.5), are brought back to the laboratory for chambertieg.

2. Methods

2.1. Laboratorychambersystem

A chamber system, designed by -SQEC, developed and integrated by American Ecotech/AmbiLabs
(Warren, RI), has been installed inside the SCAQMD Chemistry Laboratory (Figuees 1.

The chamber systemronsists of:
i) a professionabrade environmental test chamber {&eries Elite, model GE2-3-AC, Russells,

Holland, MI) capable of accurately creating and maintaining a wide range of temperature and
relative humidity conditions. This includes a stainldselsrectangularshaped enclosure (here

a

referred to as “outer chamber”), a heating/coo

humidifier/de-humidifier for varying the relative humidity
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i) acustommade Teflorcoated stainless steaylindricaishaped enclosuréhere referred to as
“inner )Y masmkmdr’™d i nsi de usdddordgansansaesrtestindh a mber ” ar

iii) adry, gasand particlef r e e a-a r geferatioasystem comprised of a series of scrubbers;

iv) two particle generatorg§model AGK 2008y PALAGNd model SAG 410 by TOPASGermany);

v) a dynamic dilution calibratomfodel T700 Wby Teledyne API, San Diego, CA)

vi) an arrayof FRM/FEMand BAT (Best Available Technologiesfruments

vii) an integrated computer software that controls the various operating/experimental parameters
andenvironmental(i.e. temperature andelativehumidity) setpoints.

Figures 1a-c. AQS P E @boratorychambersystem

Coarse Particle
Dispenser

Mixing Duct

Ultrafine/fine I

particle
generator

Communication Plate

Outer Chamber l’L T, RH, Pressure Sensors

Inner [j

i N Chamber
House Air || Zero Air > [ 'EEE
Generator
4 Gas Dilution
A Calibrator

Certified Cylinders

H 41:‘:“ Manifold co

35 [ o, ]
Particle
Instruments 4@

Figure 1d. Schematic oAQS P E l@boratory chamber system
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2.2. Zeroair generationsystem

This system is comped of a series of scrubbers used to remove gaseous and ydatéémpurities
from the supplieddboratory @mpressediried air (see Figure 2As shown irFigure 2, from right to left
(direction of house air flow) he scrubbers used in this system are

i) one heated catalyst scrubber for the removal of carbon monoxide (CO)

i) two scrubbers of activated carbon to remove VOCs angl NO

iii) two scrubbers oksodium permaganate (NaMNg) impregnated on porous alumina to remove
H.S, S@ NQ, NO, and HCHO

iv) onecylinder ofmanganese dioxide/copper oxide (MNOO)catalystto remove ozone

v) onecylinder 0fl3X molecular sieve to remove moisture

vi) two cylinders of calcium sulfai€aSq) in series to further dry the house aintsidecompressed
anddried air)

vii) one inline HEPA filter to remove particulate impurities

Figure 2. Dry, gas andparticle-free air system(or zergair system)

The output of this system @ry, gasandparticlefree airthat is used for the dilution of the test particles
or gasedo achieve the targepollutant(s)concentrationsinside the chamberThe performance of the
zero-air generation system is validated the FEM/FRM instruments. When the chamlepurged with
zero-air, readings on the reference instruments are zero or close to ke@ddition, he zeroeair system
is regularly maintained according to the operatimocedures

Secifically this zero-air is used in
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i) the T700Udilution cdibrator for the dilution of gases supplied loertified compressed gas
cylinders

i) the PALAS partegenerator to aerosolize thealt solutioninside the glass bottle

iii) the TOPAS particle generator to direct the particles into the mixing duct;

iv) the outer and inner chambes when they are flushed andconditioned undercontrolled
temperature and relative humidity

2.3.PM sensors testing
2.3.1. Outer chamber

Therectangulas haped o ut e r(widthh a mhe8gB)’ [ »3(Bpth) with a volume of 1.1 A

is made of stainless steel and is used to conduct laboratory performance evaluation tests of particle
sensors. The bottom of the outer chamber has a hollow shape to allow easy drainage of any condensate
towards a drain at the deepest point. This drain Isetp quickly evacuate dehumidified condensation
during rapid temperature changes. A set of two fans installed in the rear wall of the outer chamber, behind
the upper wall perforations, generates a circular airflow in the chamber with the air flowingrmtfre
bottom first through the cooling and dehumidifying coils and then passing throughehting elements.

This air movement mechanispmovides for uniform mixing inside the outer chambal. partsare either

made of stainless steel @oated with Tefloror other inert materiako help prevent unwanted chemical
reactions of gases together with the condensing humidity on the coils and the dehumidifier. The outer
chamber is capable of reaching temperatures (T) betw8@r?C -6 °F) and 77 °C (350 °F) and relative
humidity (RH) levelsangingfrom 10% to 95%.

During atypicalPM sensor experiment, and RHtonditioned zereair is mixed inside the outer chamber

with dry particles. Frequency and duration of dry artificial aerosol irgaas controlled to provide the
desired particle mass/number concentration in the desired test particle size range. The outer chamber is
operated under a small positive pressure and the excess diunged through the chamber exhaust
system into the labatory ventilation systemPM sensorsretypicallytested in triplicates anglaced on
Teflontrayson the righthandside ofthe outer chambeprior to testing(Figure 3).

Figure 3. Inside view othe outer chamber;
PM sensors are placed tiree Teflon trayqin white)for testing
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2.3.2. Particlegenerators

The chamber is eqgpped withtwo particle generadbrsthat allowgeneratingparticles of varioussizes and
types. Anaerosolgeneratormade by PALA@1odel AGK 2000; Karlsruhe, Germaisy)sed toproduce
ultrafine and fineparticles from various solutions (e.gotassium chloridesodium chlorideof known
density and shape factpBigmaAldrich St Louis, MPand suspensions (e.gonodispersepolystyrene

of various sizes 200 nm, 1, 2, 10m, SigmaAldrich, St. Louis, MPin deionized water(Figure 4). A
specially developed nozzle prevents the crystallization of the salt crystals at the ooi#e thus
ensuring that the concentration and size distribution of the test aerosstiisle, consisten throughout
the testing periodand reproducible between differergxperiments under the same testing conditions
Particle sizeand distribution can be adjusted within a range of approximately5 nm to 10 um,
monodisperse or polydispersdepending on theype of particles usedand the concentration of the
solution’dust powder. The generated particles are fed into a dryer stage and then injected into a mixing
duct, where the particle loaded air from the dryer is mixed with partfoe laboratory room air(Figure
4c). Aportion of the air isexhaustedrom the mixing chambethrough a filterwhile the remaining aiis
fed through the center tube into theuter chamber A solid aerosol dispenser made by TOPAS (model
SAG 410/U, Dresde@ermany) is used to dispselarge,coarseandfine particles using dust powder (e.g.
ISO 12 103, A4 Coarse by TORASoNna road dust typdJ-igure 4b). Particles are directed into the testing
chamber in a similar waypuring these experimentghe particle sensors ar@lacedon sensor trag
mounted on the inner chamber bagen the righthand side of the outer chambehat carries the sensors
communication plateg(Figures 4d-e). Inlet probes areinstalled at the base of the outer chambend
connected to various PM monitoring devices (reference instrumefus)monitoring particle mass
concentrationandsize distribution

Figure 4a. Ultrafine/fine particle generator Figure 4b. Large/coarse/fine particldispenser
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fill and load cycles
of both
Generators
controlled by
Chamber
Software

Ovdutaon Axt nlet
for Veetorl
Partitie Feed 1

Particle Feed controlled either
by compressed air from
nebulizer dryer feed or with
dilution input through Venturi
feed

Test Chamber Inside

Figure 4c. Schematic of particle genefiah and dispensing system

Figures 4d-e. Particlegenerators(d) andparticle instrumentsnlet probes(e)

2.3.3. Particlemonitors

Thereference (FEM or neREM)continuous and semtontinuousparticle monitors used taonduct
particle size distributions anghassconcentrationmeasurementsre listed below
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9 Dust Monitor by GRIMM (model EDM180, Ainring, Germanyhe EDM 180 spectrometer
provides higkresolution realtime aerodynamic measurements of RIMPMs, PM.o, TSP and
PMoarseparticles. The EDM 180 measures ligbattering and is designated as class 11l equivalent
method EQPM)311-195 by the U.S.EPA.
9 Fast Mobility Particle Sizer Spectrometer (FMPS) by TSI (Model 3091, ShorevieRhé&/F)PS
3091 spectrometer measures aerdgarticles in the range from 5.6 to 560 nm, with a total of 32
channels of resolution (16 channels per decade). The FMPS spectrometer uses an electrical
mobility technique with multiple, lowoise electrometers for particle detection, and enables
particlesize distribution measurements with orsecond resolution.
1 Aerodynamic Patrticle Sizer (APS) by TSI (Model 3B24)APS 3321 spectrometer provides high
resolution, realt i me aerodynamic measurements of parti
measureslighs cat t ering intensity in the equivalent a

2.4. Gassensorstesting

2.4.1. Innerchamber

The inner chamber is@/lindricaishapel [ 1 @atdiug & (hdightjwith a volume 00.11 n¥] enclosure

made of Teflorcoated stainlessteeland usedonly to conduct thelaboratoryevaluationof gas sensors
(Figure 9. A duplicate of this inner chamber made of stainless stbat not coated with Teflon is
exclusivelyused for VOC sensors testidgknown concentration of one or more gasus pollutants (test
atmosphere)at a controlled flowrateis either g diluted inside a dilution calibrator and subsequently
supplied into the inner chamber (Mode A), ol diluted inside the inner chamber witkero-air that has

been conditioned into the outer chamber and introduced into the inner chamiddode B) Testgases
includeCQ NO, NQ, G;, SQ, H:S andVOCsThe T700 Dynamic Dilution Calibrator (Teledyne API, San
Diego, CAjs used to generatealibration gas mixtures by mixing gases of known concentrafions a
certified compressed gas cylindeith a diluent gas (zero air). Using Mass Flow Controllers (MFCs), the
T700 calibrator createexact ratios of diluent and source gas by controlting relative rates of flow of

the various gases, under conditions where the temperature and pressure of the gases being mixed (and
therefore the density of the gases) i s kstmackn. Thi
of the temperatureand pressure of the various gases and recgilaa on actual flow rates of the various
MFCs in real time sthat the flow rate control can be constantly adjusted to maintain a stable output
concentration. Once the exact concentrationsadl gasesare programmed into thedilution calibrator,

the T700creates an exact output concenttaon of any of the gasomponents(see Mode A below)rhe

total zercair diluted gas flow through the inner chamber is 12 L/min. For a 110 L volume of the inner
chamber, the gs molecule residence tintan the chamber is calculated by

Where,
V is the volume of the inner chamber
Q is the total zerair diluted gas flow through the chamber

To reach a steadgtate condition inside theéner chamber, 2B residence times are needed for a total of
about 19 to 28 minutes.
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£

Figure 5. Inner chambeinstalledinside the outer éhamber
This configuration is exclusively used for testing gaseous sensors

2.4.1.1. Mode A

Dynamic gas dilution iserformed by the dilution calibrator. Gder a mixture of gasedyom certified
compressed gas cylinds)(or generated by the T700U calibratior case of ozonds introduced into the
calibrator where it is diluted with zerair. Subsequently, the zesir diluted gas is introduced into the
inner chamber at the desired concentrati@ifigure @). This mode of operation issed wherarelatively
small amount of gas and short stabilization periodare requiredto reach thedesired gadesting
conditions HoweverchamberT and RH cannot be controlledhen using this operation modé&lode A
is used to rurt s i mtpdtseufider laboratory T and RH conditions,confirm that proper setup (e.g.
wire connections and sensors installat)Jdravetaken placeandmore detailedsensos testing is ready to
commence using Mode B (described in the next section).

Mode A
- Outer Chamber Inner
Zero-air Chamber
Generation ¥
System < Dilution d 'EEEE)

Zero-air Calibrator [ I

! diluted gas 0
! (lab room

conditions) L

Manifold Certified Cylinders

Gas Analyzers

¥
Vent (excess air) |

Gas dilution occurs inside dilution calibrator |

Figure6a.Sc hematic of “Mode A" experimental
2.4.1.2. Mode B

Dynamic gas dilution is controlled by the dilution calibrator, but it uses an exterasdflow controller
(MFQ and avacuum flow control box. Gas froncartified compressed air cylindes introduced into the

10
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o.WDilupon zereair is drawn from the outer chamber through

the MRCinto the inner chambefHgure @). This isa more complexoperation modewhere T and RH in
the zercair can be controlled tonimicthe targetenvironmental conditiongnside the inner chamber.

Mode B

QOuter Chamber

Zero-air
Generation o
System

Qo TN
J Conditioned i
| zero-air in outer

ichamber i

Inner
Chamber

Dilution

)
-

Calibrator

Manifold

Gas Analyzers

Gas dilution occurs inside inner chamber |

Figure6b.Sc hemat i c

2.4.2. Gasmonitors

of “Mode

M d 4 4 4 4

Bn

Certified Cylinders

experiment al

Thereference (FRM dBAT) continuousgasmonitors used to coductgas concentrationmeasurements
in laboratoryevaluationare:

T

EC9830T Trace CAhalyzerby American Ecotech: THeC9830Tis a nondispersive infrared
photometer that measures CO using ga®filtorrelation(GFC) TheEC9830Ts designated as a
reference method RFG2992-088 by the U.S. EPA (40 CFR Part 53).
Serinus 40 NfAnalyzer by American Ecotech: The Serinus 40 uses gas phase chemiluminescence
detection to perform continuous analysis oONtotal NQand NQ. TheSerinus 40s designated

as a referene method RFNAB809-186 by the U.S. EPA (40 CFR Part 53).
Serinus 1@s; Analyzer by American EcotedfheSerinus 10s a NorDispersive Ultraviolet (UV)
photometer which alternately switches a selectiescrubber in and out of the measuring stream
and computes the ratio of transmitted light giviagheasure ofO; concentration. A mercury vapor
lamp is used as the light source. TBerinus 10s designated aan equivalent method EQOA
0809187hby the U.S. EPA (40 CFR Part 53)
EC9850TSQ Analyzerby American EcotechThe EC9850Tuses UV fluorescent radiation
technology to detec6Q. TheEC98507Ts designated agnequivalent method EQSA193092by

the U.S. EPA (40 CFR Part 53).

Serinus 55H,S Analyzer by American Ecotecfihe Serinus 55uses UV fluorescent radiation

technology combined with an external thermal converter to detdss

Methane/NonMethaneTotal Hydrocarbonalyze(Model 200FS)by VIG Industried’he 2007
S measures concentrationsfdiydrocarbons in gas mixtures in the aind can separate the
methane component from the nemethane component by using a GC column.
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2.4.3. VOC sensors testing

A duplicate inner chambdi 10 L) made of stainlessteel but not coated with Tefin, is used to conduct
VOC sensor testing. Twdifferent types of compressed VOC gatinders are used in combination with
zero-air to generate VOC mixtures of target concentratidDse cylindera@ntains 10 ppm of benzene and

South Coast Air Quality Management District
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the other contains mixture ofbenzene, 1,3utadiene, ethane, and tetrachloroethylene at 10 ppm each.

VOCs from the cylinder will be diluted with zeio inside the dynamic dilution calibrator to generate
concentrations fron 1 ppb to 50 ppb. Subsequently, the diluted VOC output is introduced into the

stainless steel chamber, where the VOC sensors being tested are situated. At least one VOC instrument
(e.g. a GC/FID, or a VIG T200 methane/mmthane hydrocarbon analyzer)usedas the reference.

To address the potential safety and health risks of handling these gases, a gas cabinet (model 7200, Safety
Equipment Corporation, Belmont, CA) is connected to the laboratory exhaust venting and sprinkler system

and fitted with a lenzeneleak detection sensor/alarm and a vent flow meter.

2.5. Pollutant concentration seboints andselection criteria

Concentration setpoints are selected to represergollutant levesfrom* v er y

goali s

to

e v a | u armance sndiffeseatrconsentrptierr rdngesid compare with what the
sensor manufacturer claimResults frontheseexperiments wilconfirm performance parameters such
asaccuracy, lower detection liméndlinear correlation.The NAAQS standards as vadlthe chamber

OWH

the

system capability in generating specific gas and pantiokenal and extremedest atmospheresand the

reference

The *

analyzer

very

anal y zhave Been cdnsideredin designithgrselattiprecsiteria

thosen’ to repeegemtl gollutant concentrationbelow the U.S. EPA WRAS
requirement. t is also d¢ose to the lowest concentration the chamber could generate or the reference
coul dadedt & amepdiutanthiéves aré simidr to the aerage ambient

pollutant concentrationlevel and 50% above the average ambient pollutant concentratievel,
pol l utant

respectively
The

The

“high?”

evel

iAQSstantlardlevela s t
“ v epoliytanhleve] is ¢loseotthe maximum concentration the chamber could generate or the

reference analyzer could accurately detetihe following table showisdicativeconcentration sefpoints

of some specifitest pollutants.

Table 1. Indicative pllutant concentration sepoints

Pollutant/ PM co O; NO; SO;
Level| (ug/m®) | (ppm) (ppb) (ppb) | (ppb)

Very Low 10 1 30 30 30

Low 15 4 50 50 50

Medium 50 7 a0 70 70
High 150 15 150 100 150
Very High 300 20 250 200 300
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2.6. Chamber systemoftware

A customdevelopedsoftware by American Ecotedébused to automaticallyand remotelycontrol and
operate the chamber and all reference instrumentsis software allows for the design of extensive
sensor testing experimentsising programmed sequencesnd consists of two mainintegrated
components, ithe sequence runner anij) the winAQMData Acquisition and Control SystéRigures 7
and 8)

The sequence runner is used to

i) setthe chamber T and RH duriegher a gas or an aerosol atmosphere testlie inrer or outer
chamber, respectively

i) programand run the small or large size aerosefjuencego r  “ r )through ¢he PALAS or
TOPAS generat omRscgi preess'p ea1t é pregdttipgotize rfreqliencly yand
duration of aerosol injection into the chamb&r produce particles with knownoncentratiors
andsize distributios

iif) set and run thdlushing ofeither the outer or inner chamberwith zero-air between experiments
when switching from on@erosol/gasatmosphere to anotheror for an extended period of time
when flushing the chamber with zeswr after chamber cleang maintenance and/or servicing

Experimental squences can be programmed to load and run for extendedods of time such as
multiple days of continuous chamber operation a 24/7 fashionSequencegan belogged, savegre-
loadedwhenneeded,andcan beexported as .txt or .csv filashen they must belocumented in testing
reports and procedure€See Appendix Table A3 and Figure Al)

m°7 Sequence Runner — *
File Help

Sequence Runner
Setpoints Sequence Run (Min) m Delay (Min) m
Chamber PM Small PMLarge  Actual Temp  PM Small PMLarge Sed Start Time

~E 'l E m
Deg C Sec Sec Seq Time Remaining
e [ 2 E3 I
E/H m Sec 1 Sec
(]

Post

Purge OFF RS

Off
Sec

Cycles n

PM MODE Com Status Stop Go
Communications Setup

Comm Responses

Load Checked Sequences Add Point Save Test

SeqTime (Min)  Temp (DegC) % Prelnjis) Inj(s)  Postinj.. OffTim.. Cplis)  TFT(s) TCT(s)  CalSeq Purge
OFF
OFF
OFF

Event Viewer / Selector

Figure 7. Sequence runner software interface
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WInAQMS Data Acquisition and Control System is a windhassd data collection and control software
which provides full control over the chamber system, enabling regdito be recorded, automatic
calibrations to be performed and system errors to be monitored. WinAQMS interfaces to analyzers via a
RS232 mulidrop serial link, through a USB link or via TCP/IP network link. This allows it to collect data
directly from the instruments in digital formathus eliminating digital to analog and analog to digital
conversion errorsWinAQMS usefur main software components:

Client: e user interface used to view data and alter the setup of the logger components
Server: ollects, stores and manages data collection
Data server:@sponds to requests for data

Data pusher: pshes data to a FTP server. Data is stored on a robust solid state hard disk designed
to eliminate the risk of data loss

= =4 =4 =

WIinAQMS allows remote access tb @ the gas instruments connected to the chamber systard is
facilitated via radio, mobile or land line modem as well as wireless network or Ethernet TCP/IP.

When connected to the WinAQMS server the settings and parameters can be changeddspestii
experimental requirementsTheseparametersinclude changing instrument parameters and settings,
viewing and/or collecting data, setting reporting periods, setting alarms, configuring and initiating
calibrations.Data is presenteth a number of diffeent formats. Data can be instantaneously generated

and displayed as it is logged, or historical data logged from a user defined time period. Instantaneous data
or historical data can be displayed as a line graph with multiple parameters plotted in diffelenlines.

When viewing data, the graph updates every minute (or the minimum reporting period set). The graph
displays up to three hours of data and shows an auto scale axis and data points. Data can also be displayed
in multiple data tables allowingputo 100 parameters to be displayed at once. The parameter displayed
can be selected with drop down menus.
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Figure 8. WinAQMS software interface
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2.7. Sensors communication with chamber system software

There are various waysd. Serial, USB, Ethernet, Btaeth, GSM celland WiFi) a gas or particle sensor
communicates withthe chambercomputer for data loggingAs shown iffigures @ and baTefloncoated
stainless steeplate with communicatiorand powerports can beinstalledon the Teflorcoated inner
chamber basdon the righthand side of the outer chambet) connect sensorsvith a computer and
power strips located outside of the chambéfhe sensors are tested in triplicate and thus, each plate has
a comnunication portanda power pott for each sensor for a total sfxports. When necessary dapters
areused to convertfor examplean RS232 or RS485 cable to either Ethernet or USB.

Figure9a-b.Sensor communication ((GBpaBd and power

communi cati on Onpnhea ¢chaniber bas@s)t al | e d
3. Sensor Evaluation

Under theAQ-SPEC prograr8CAQMD stafforrows, leases, purchases, or otherwise acquires a group of
three identical sensadevices foreachsensortype. The sensor technicapecficationsare clearly defined

with the help of the manufacturer or supplier prior to the beginning of testisge Appendix As
mentioned earlierthe sensors ardirst evaluated in the fielcand operated side-by-side withU.S. EPA
approvedFRMor FBM instruments, which are routinely used to measure ambient concentragioh
gaseous or particle pollutants for regul atory
existing air monitoring stations (i.e. the RiversRebidoux(RIVR) station in RiversidéA. Sensors that
have demonstrated an acceptable performance in the fiaid subsequently broughback to the
laboratoryfor additionaltestingunder controlled conditions

3.1 Laboratory evaluation parameters

The laboratonevaluationof the sensors is based arsideby-sidecomparison between the sensdevice
being testedandthe FRM/FEM instrumeif$) measuing the same pollutant(sp series of performance
related parameters which would affect actual air quality measuremiertise fieldare tested witha series
of carefully designed laboratory chamber experimesitsilar to those conductetly otherorganizations
(Williams et al., 204; Spinelle et al., 2013yhese parameters include:
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Intra-model variability
Accuracy

Precision

Detection limit
Linearcorrelation coefficient (B
Interferents

Climate susceptibility

Data recovery

Sensor decay andkgradation
Baseline dft

Response tdoss of power

=4 =4 =4 =8 - -8 -8 -8 -8 -8 9

Detailed experimental procedure®r sensor testingare described in section 3.2n general, an
experiment consistef two stagesa concentration ramping stage where the pollutant level increases, and
a steadystate stage where the pollutd concentration remains stablélost of the parameters, except
for the linear correlation coefficient, are evaluated based on data acquired from the statly stage.

3.1.1. Intra-model variability

Intra-model variabilityisrelated to how close the measurements from three units of the same sensor type
are to each other. It is evaluated through a set of descriptive statistical parameters, such as mean, median,
and standard deviation (, each calculated at low, medium, and pddilatant concentrations. For both
aerosol and gaseous experiments, thenin average data from each period ofeeadystate pollutant
concentration in the chamber (usually the last 20 minutes from set of conditions) is considered for this
analysisFor aset of three sensordhe intramodel variability is reported as a percentaaed calculated

as follows

Intra-model variability (%) zpmnm (1
where,
- AAT isthe highest of the three sensoeerageconcentrations
- AAT s the lowest of the three sensomverageconcentrations
- AAI is the average of the three sensors’ average

If the intraemodel variability is lowethan 20%(both at the concentrations close the lower detection
limit and througlout the full test range) measurements from théhree sensorgre averaged and used to
calculate all other evaluation parameters mentioned in section 3.1. Else, if sensor measureargnts
significantly fromeach other (i.eintra-model variability larger than 20¥sensor concentratichare
treated separatelyowardsthe estimation of those evaluation parameteBar charts are then created to
present the results (Figure 10).
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HE mean +SE HE median

CO Concentration (ppm)

Sensor #1 Sensor #2 Sensor #3

Figure 10. An example of the intranodel variabilityfor three carbon monoxide sensors

3.1.2. Accuracy

Accuracy ishe degree of closenedsetweenthe s e n sneeassed valuesand the reference valuekor

the purpose of these chamber test@ccuracy is derived fromconcentration ramping experiment 20

°C and 40% RH. éachpollutant concentrationthe difference between the average tife three sensors
and the refeence instrument is calculated. In this contextcaracy islefinedas follows:

' p prnniE-zpnmn (2

where,

8 is the averageconcentrationmeasured by the three sensothroughout the steadystate period
considered

2 is thereference instrument averageoncentrationduring thesamesteady-state period

It is worth mentioning that accuracymay vary acrosthe same typeof sensorsat different pollutant
concentrationsFor simplicity, accuraég summarized in a table with information acquired at esigfady
state conditionduring aconcentration ramping experiment from very low to very hgilutant levels
The highethe positive value (percentage), the higher the sehsatcuracy. For exampla,value ofL00%
impliesthat sensors measure exactly what the FEM/FRM instrument measures. In casessehsnes
overestimate the FEM/FRM instruments impre than 100%, sens@ccuracy iseported asa negative
value(as showrin Table 1) usingequation(2).

Table 2. An example of accuracy table

Steady-state | Sensor mean FEM Accuracy
(#) (ng/m?) (ng/m?) (%)
1 21.2 8.6 -47
2 49.9 19.8 -52
3 91.8 37.8 -43
4 374.5 138.1 -71
5 776.2 245.6 -116
6 934.7 287.8 -125
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3.1.3. Precision

Precision represents the variati@aroundthe mean of repeated measurementd the same pollutant
concentration under identical or similaxperimentalconditions. The more frequently data are collected
over a given period of timehe more confidence one has in theportedconcentration For the purposs

of this analysighes e n s o r ' s(3)ip exgrasedasfolows.

op p T zpnm (3)

where,

3 % isthestandard erronf theaveraged concentrations of thhree sensos during the steadgtate
period considered

8 is theaverageconcentrationmeasured by the three sensaitsroughout the samesteadystate period

Sandard error is calculated as:

3 % )

where,

X is theaverage value of the three sensors concentrationdifi¢rent timesduringthe steady-stateperiod
considered
8 is theaverageconcentrationmeasured by the three sensaitsroughoutthe samesteadystate period

n is thenumber of measurements taken

During a gas sensor testing experimertte tsteadystate time period is on average 20 mieg and since
1-min measurementsare collected, 20 steadstate measurement data points are used for this analysis.
For consistencyPM sensas are also evaluated usir2f measurements data for precision, although the
steadystate periodfor PM evaluatiorusuallylastslonger than 20 minutes

Precision may be affected by teavironmentalconditionschosen Therefore, this parametéscalculated
for each combination opollutant concentration,T, and RH in climate susceptibility experimenénd
presented in a summary table. The higher the perc

3.1.4. Detectionlimit

Detection limit, or limit of detection (LOD)is the lowest quantity of a certain pollutant that can be
distinguished by a sensor from the absence of that pollutant within a dtatsfidence limit For the
purpose of this reportthe LODof a sensois estimatedas follows:

, | $ o® A3 (5
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where,
o i s residdalestandard deviationof the linear regression line betweenhe average sensor
measurements and the corresponding FRM/FEM instrumenttatnexces pr eads heet, o i s
asthes andard error of the predicted refiathelineare i nstr

regressionand iscalculated by equatiorsj.

K —B2 2 —u— (9

where,

X is theaverage value of the three sensors concentrations at different tidoesgthe steady-state period
considered

8 is theaverageconcentrationmeasured by the three sensaitsroughoutthe samesteadystate period

Ris thereference instrumentoncentratian at different timesduringthe steady-state periodconsidered
2 is the reference instrument average concentratibnoughoutthe samesteadystate period

n is the number of measurements taken
S is the slopef the linear regression line

3.1.5. Linearcorrelation coefficient (R)

This parameteexpresses the strength of the linear relationship between the avemaggsurements from
the three sensor testednd thecorrespondingeference instrumenvalues The paired dataet acquired
from the concentration ramping experimerat 20 °C and 40% Ré$lentered inan excelspreadsheeand
a bestfitting regressioncurve is calculated along with the corresponditmrelation coefficient(R),
slope, and interceptalues An R approaching the valuefd reflects a near perfect agreemeln¢tween
the sensors and FRM/FEM readingbereas a value of 0 indicates a complete lack of correlation.

3.1.6. Interferents

Interferentsare factorsaffecting thesensols ability to correctlymeasurethe variable(s) of interest (e.g.
pollutant concentration T, RH, etc.)The presence of interferents typicatlsultsin inaccurate and/or
imprecise measurement€ommon interferents include

other gaseous and particulate componeuwther than the speesof interest
fluctuation in temperature and relative humidity

radiofrequencies

power fluctuations

other contaminants

=A =4 =8 -8 =4

Gas sensors normally suffer from cresnsitivity (either positive or negative) to other gaseous species
(see Appendix TableA2). Theconcentration of the test gas and gaseous interferents is measured using
FRM/FEM instruments which typically have an uncertainty of less than 5%.

In the laboratory, the effect ofjaseousnterferents is evaluated by exposing a sensor to a concentrati
of the pure interferent. If sensors respond to the interferent, they are subsequently treated underaboth
known concentration of its target pollutant and alsnincreasingconcentratiors of the knowinterferent.
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If that sensors r e scopreelatesevith the introduced interferent’'s concentration, a quantitative
relationship is derived and presentedhe effect of interferents resultingfrom fluctuations in
environmental conditiongT and RHare presented in théollowing section

3.1.7. Climatesusceptibility

Iti s a meas

relative humidity conditionsFor eachT and RHcombination considered the sensors

calculated(see Table

ure of

2 below)

a s e n sioeaenviresnmentaliconditions, incladinggchasges ik v ar i
temperature and relative humidity. A sensor is most useful if it can operdiably in many different
environments. In the laboraty, air quality sensorare testedunder a wide range of temperature and

precision

Table 3. Combinations of weather conditions used for climate susceptibility evaluation

Temp/RH Low (15%) | Medium (40%) | High (65%)
Low (5 °C) 5°C, 15% 5 °C, 40% 5 °C, 65%
Medium (20°C) | 20 °C, 15% 20 °C, 40% | 20 °C, 65%
High (35 °C) 35°C,15% 35°C,40% | 35°CHE5%

3.1.8. Datarecovery

Data recovery is calculated usiagpercentage ratio of ta number of valid sensordata points over the
total number of data pointscollectedduring thetesting period(e.g.10 hours of testingat 1-min time
resolutionresults in up to600 data pointsn total). Completeness isn important factor forproducing
reliableand representative datagsis indicated irthe EPA guidinesfor regulatory data collection.

where,

$AOARAAT WAOB——:zpmim (7)

is the number of valid sensor data points durthg testing period

is the total number of data points for the testing periffcom start to end)

Below are other parameters that may have an effect on sensor performance. These will only discussed

qualitatively:

3.1.9. Sensoecay anddegradation

These termsefer to aprogressivelecline in sensor performance due to a number of factors. In general
sensor decay/degradatioimdicates thatthe sensor loses its ability tmllectmeaningful measurements

over time Some chemical compounds in the atmosphere can react with and damage sensors in a non
reversible way, limitingheir ability to respondeliablyto the pollutan{s)of interest. Some sensorge.g
metaloxide, eletrochemical)should be used withithe time frame defined by the manufactureeven if

they are never useih the fieldand arekeptin their original packaging.

3.1.10. Baselindrift
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It is agradual change isensorresponse to a constarstet of environmentatonditions (e.g, a standard
concentration or zero air)over a certain period of time, during which the true value of the variable
measured does not changét may occurdue to a variety of reasonsuch aschanges in weather

conditions sensor*poisoning, and malfunctioningnechanical pador, in the case oparticle Eptical)
sensorsfemporal variatiors in the intensity of the light sourcén the laboratory, sensors basel i ne d
is checkedht the beginning of an experiment by exposing the sensor to aairchamber environment.

Whena drift is identified AQ-SPEC conssliiththe sensomanufacturer/developerin such case,nits

are either sent back to areremotely calibrated by the manufacturdf.such service is not availabtag

average drift valués accounted for irthe actual sensor readings aigkexplicitlynotedin the laboratory

evaluation report.

3.1.11. Response tdoss ofpower
It is theamount of time that a sensaequiresto warm up andesume operatiorafter a shutdowncause
by a power lossIf a sensor requires a large amount of tineeresume operatiordata continuity and

completeness can be significantly affected.

3.2. Laboratorytesting procedures

3.2.1. PM sensor laboratory testing procedure
3.2.1.1.0uter chamber and PM sensors preparation

The equipment used to conduct the PM sensor performance evaluation testing in the laboratory consists
of the outer chamber, the PALABd/or TOPA®atrticle generabrs and the particle FEMand/or BAT
instruments

Before the start of an experiment, the chamber wall surfaces are wiped off with kimwipes damped in
isopropyl alcohol. Prior tmstalling the sensor triplicateside theouter chamber, thee undergo routine

mai ntenance according to the manufacturer’'s wuser/
but are not limited to filter replacement, zero calibration, flow rate checks, date/time synchronization

and battery change.

Threeunits d the samesensor modelre installed on individual Teflon trays mounted ahe inner
chamber baseHigure 3. Sensorsnlets are facing towards the middle of tbthamberand area fewinches
away from wherethe FEM/BAT aerosol instrumentation samplingtslare located. Thus, sensors and
aerosol instruments sample from the same location inside the chantititee PM sensorsarry their own
batteries, theseare fully charged to last for thentire duration of the experiment. If the PM sensors are
powered Va a power cable then all necessary power connections are rpéde to the beginning of
testing Sensors arg¢hen switched onbefore data loggingoegins Datais logged in two different ways:
internally (saved ithe sensor memory) and downloaded offline after the end of an experimamnd/or
through a sensospecificsoftware thatrunsin reattime during an experimentnthe latter case datacan

be downloaded either during or after the end of an experimehtomputer cable connects the sensors
from inside the chamber toreexternal computer

Subsequently, the chamber door is closed, the system is powered on and the chamber is flushed with dry,
particle- and gadree air. Particle mass and number concentratioms @easuredthrough the FEM
GRIMMreferencemonitor until negligiblePM levels( e . g . b e | % ave re@orded. The target
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chamber temperature and relative humidity levels are-pegthroughthe computer software. When the
chamberenvironmentalconditoning commences, baseline measurements of chamber PM, as well as
temperature and relative humidity valugsre recorded for 5 minutes prior toeginningaerosol injection
inside the chamber. When the chamber temperature and relative humidity reach tigettaetpoints,

dry aerosol is injected into the chamber at a known concentration and size range.

3.2.1.2.Aerosol atmosphere and testing

In a typical experimentiepending upon thelesiredparticle size rangegither the large particle or the
ultrafine/fine particle generator isised to produce test particléaside the chamberThe frequency and
duration of aerosol injection are controlled by mtegratedsoftwarespecificallydesigned to operate the
particlegenerabrsand the chamber environmental conditioriBue to therelativelylarge volume of the
outer chamber and thdow flow rate of the dry aerosoproduced by the particle generatat takes
between 23 hours to reach a stable aerosol concentrationhia buter chamberEveryconcentration
step change occurs only after a stable aerosol concentration has been reached in the outer cahadhber
a sufficient number of sensor measurements has been taken

The standard procedurda PM sensor evaluatian the laboratory chambetonsists ofwo experimental
phases:

Phase 1Concentratioramping

Once the chambenas reached the desireaverage ambient conditions @0 °C and40%, a concentration
ramping experiment begin# total of 6 concentration steps aeelected to simulate a diverse pollutant
profile from very low (L0 pg/n¥) to very high (=300 pg/fh (as shown in Figure Ll1lfExperimental
parameters, such as aerosol injectifsaquency and duration, are prgetermined and prognamed in a
sequence. Théans that are used to create uniform mixing inside the chanarerheld atconstantspeed
(e.g. frequency of 25 Hzcross all testing conditions to eliminatariations in the particle size
distribution.

—Sensor #1 Sensor #2 Sensor #3 —FEM
1200

1000
800

600

]
o
o

PM, ; Mass Concentration (ug/m?3)
N
]
5]

0 200 400 600 800
Time (minute)

Figure 11. An example of an aerosol Phase 1 experiment
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Phase 2Effect of T and RH

Aerosol concentration, teperature and relative humiditgre each varied at three different levelise(,

low, medium and high) for a total of 27 different sets of combinati(gasre asin Table 2out at three
different pollutant concentrations) Specifically, @rosol concentration is varied between low {16
ug/md), medium (5660 pg/n?¥) and high (12@50 pg/n¥). Temperature is varied between low (5 °C),
medium (20 °C) and high (3€). Relative humidity is varied between low (15%), medium (40%) and high
(65%).

It should be noted that a low relative humidity of 15% cannot be achieved inside the chambéCat
without purgng dry zergair inside the chamber. However, purge air sahbe used during an aerosol
test because this wouldontinuouslydilute the aerosotoncentration, which ignappropriate for sensors
laboratory characterization. In this case, the relative humigitpaintained at levels as low as-28%.

After all paticle testingexperimens have been completedhe liquid salt solution in the glass bottle is
replaced with deionized water that flushes the aerosol generation system lines for about 20 min to
remove any accumulated saltikewise, the large solid paste powder is also wiped off from the surfaces
of the generatorand thewall surfaces athe outer chamber are cleanealith isopropanol and the system

is set to be flushed with zerair for several hours

3.2.2. Gaseousensor laboratory testing procedure
3.2.2.1.Innerchamber and gaseous sensors preparation

Gaseous sensors measuring criteria and +goiteria pollutants, includingcO, NQ Os;, SQ, and H:Sare

evaluated m the cylindricakhaped Teflno-coated inner chamberHigure 9. Before the start of an
experiment, the inner chamber wall surfaces are wiped off with kimwitsapedin isopropyl alcohol.

Prior to theirinstallationinside the laboratory chamber, the gaseous sensors have undergone routine
maintenance accordingtotheann uf act ur er’ s user ma ninclade butdvkanotnt e nan
limited to filter replacement, zero calibration, flow rate checks, date/time synchronizasiod battery

change.

Three identical gaseous sensdr®, same make anchodel) are instaled on individual Teflon trays
mounted on the inner chambebase (Figure 3). Sensdrdets are facing towards the middle of the
chamber and are withinfewi nc hes away from where the FRM/ BAT i n:
inlet is located. Thus, semis and gas instruments sample from the same location inside the chamber. If
the gaseous sensors carry their own batteries, those are fully charged to last for the duration of the
experiment. If the gaseous sensors are powered via a power cable therceisaey power connections

are made. Sensors aswitched onbefore data loggingbegins Datais logged in two different ways:
internally (saved in sensor memory) and downloaded offline after the end of an experiamahbr
through a sensor specific softweathat runs in reatime during an experiment. In the latter case, data can

be downloaded either during orfter the end of an experiment. domputer cable connects the sensors
from inside the chamber toreexternal computer

Subsequently, the chamber dpis closed, the system is powered on and the chamber is flushed with dry,
particle- and gadree air. Gas concentrations ammeasured by reference instruments amndgonitored
through the WinAQMS software untihe gas concentration stgdecreasingand reacheghe baseline
value for the experimentin Mode B, the T and RH can bepet on the computer software. When the
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chamber targetenvironmental conditions are achieved, baseline measurements of inner chamber
gaseous concentration, temperature émelative humidity are recorded for at least 5 min prior to the
introduction of a target gas from eertified compressed gaglinder.

3.2.2.2.Gaseous atmosphere and testing

The standard procedure of a gaseous sensotuatmn testin the laboratory chambeconsists ofthree
experimental phases:

Phase 1Concentration ramping (Mode A)

The concentration range tested varies from very low to very high for a specific gas. Dynamic gas dilution
is performed by the dilution calibrator. Gas (e.g. CO,, I$Q) from acertified compressed gas cylinder

(or generated by the T700U calibrator case of @) is introduced into the calibrator where it is diluted

with unconditioned zerenir. Subsequently, the zesir diluted gas is introduced into the inner chamber

at the desired concentration. This is a simple control system where a small amount of gas st
stabilization period is needed (approximately 40 min for each concentration Gtep)re 12)

Sensor #1 Sensor #2 —Sensor #3 —FRM
300

250
200
150

100

Ozone Concentration (ppb)

50

0 50 100 150 200
Time (minute)

Figure 12. An example of a gas Phase 1 arekperiment

Phase?: Effect of T and RH (Mode B)

The temperature and relative humidity parameters are each varied at low, medium and high level for a
total of 9 different sets of combinationgemperature is varied between low (5 °C), medium (20 °C) and
high (35 °C). Relak humidity is varied between low (%9, medium (40%) and high (65&ge Table 2)

Similarto the Phase 1 experiment, target gas concentration ramping from very low to very high is
conducted foreach combination of environmeakconditions Within a rampng experiment, ach set-
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point is maintainedor 40 minutes until a stable gas concentration is reached inither chamberas
recordedby the reference instrument.

Correlation coefficierst (R) for these9 experiments arelerived andcompared to eaclother. A smaller
R valueindicatesthat the sensor isegativelyinfluenced by the correspondiriand Ri¢onditions

Phase 3Effect of interferent gases (Mode B)

In the laboratory, the effect of interferents resulted from other gaseous componengsdhiated by
exposing a sensor to a target concentration of pure interferBeré pendi ng on a sensor
type and its detecting technology, the interferents and their concentrations are chosen as recommended
by 40 CFR Part 53 Table BSeeAppendix Table A2) drom information provided inprevious studies
reported inthe literature. For example, for an electrochemical ozone sensor, 0.5 pppaN@®0.5 ppm

SQ is introduced in the chamber, anthe s e n s o r ' s is avauategddf rsensors respond to the
interferent, they are subsequently treatedth amixture of aknown concentration othe target pollutant

and various concentratiors (in a concentrationramping mode) of the identified interferent. When
sensor s’corelaeswionts et he i ntroduced interferent’s con
is derived and presented.

S

3.3. Data analysis

Referencenstruments and sensor data are first validatedlowingbasic QA/QC procedures (i.e., obvious
outliers, negative values and invalid data points are eliminated from the-sit)avValid datais averaged
over - and 5min intervals anddata from thesensors andhe reference instrumenfs)is matched by
date/time. Statistical analysis then conductedo quantitativelyevaluate the parameterasdescribedin
sections 3.1.1=-3.18.

4. Study limitations

This environmental chamber system is the first of its kind for the purpose of evaluatirgpkivair aality
sensos. Despite of its capabilitin generatingstable and reproduciblevarious gas and particldest
atmospheres under normal and extreme temperature and relative humidityditions, some tsdy
limitations need to be recognized

Toevaluatesee or ' s ¢l i mat e s us c wagathar @ and Rpmbinathnsrare ghosens e nt a't
based on our objective judgement. Although the chambas the potential to generate even lower or
higherTand RH, due to the tight testing schedule, we could nfairdfto exhaust testing of more weather
combinatiors. Assuggestedn previous studie¢Sohn et al., 2008; Wang et al., 202015)sensor failures

were observedat low temperature such as 0 °C and high RH of 9%si@ering theow possibility of a
consumerencountering such weather combinations, we dedide not include those conditions.

The effect of shock changes in T and RH on sensor’
schedule, our gxerimental desigronly presents resudt under shock increase in RH when RH@®ints
increased from 15% to 40%, and then from 40% to 65%er experiments intended to testses o r s
climate susceptibilityare mostly conducted at stable T and RHhe only exception iat 5 °C,wherethe
observedactual RHsvaried around the sepoints through humidification and dehumidificatia@ycles
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In this studys e n sresponse time is not testedecause of chamber system desidyiter the £nsor
triplicate is installed on the swsor trays inside the chamber, the chamber door is clos®&dlutant
concentration isgradually increased over 30 minutes (gas) or 90 minutes (aerosol) to thmisds.
Therefore, it is not possible walculate rsponse timeSo far, our observationsdicate that the greatest
majority of the sensorbave response timgverysimilar to theirmeasurement interval.

With respect to the artificial aerosol generatiolust powder dispensersystens, it is possible to
approximatea broad range gbmmass conentrationsas well ashe bimodal size distribution of the urban
ambientair. However, the chemicalature, the pre-definedsize distribution, and physical properties of
the generatedartificial aerosoland the Arizona road dust type dust powds=mnot replicatehe diverse
profile ofan urban ambienaerosolchemicalcomposition.

Lastbut not the leastsensoranight have experienced some small alterations after tfiest two-month
deploymentin the field At the beginning of the laboratorgvaluation, sensors arsubjected to a
concentration ramping experiment weterminewhat their condition is relative to their field deployment

If significant changeare observed AQ SPEContact the sensormanufacturer/developer and action is
takenthat may involve calitation, maintenance, servicin@espite this limitation, ACSPECurrently tests
off-the-shelf devicesTo the best ofour judgement,testingan oftthe-shelf sensorunit first in the field

under ambient conditions and subsequentt i n t he | aboratory <c¢chamber
conditions is the preferred approach.
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Appendix
Reference methods

Federal Reference Method (FRM)FRM isa"EPA approvedthethod, sampler or analyzer that utilizes
the measurement principles and calibration procedures specified in the Code of Federal Regulations (40
CFR Part 50).

Federal Equivalent Method (FEMYFEM is an ambient air monitoring method that has been dagéigh
by EPA as an equivalent method under 40 CFR Part 53.

To be considered as a viable FRM/Rtzididate a potential measurement technique must:

1
T

ailr

= =4 =

Provide accurate and reliable measurements
Be relatively free of significant interference from gasesther agens that may occur in ambient

Provide continuous or nearly continuous measurements in neattireal
Be commercially available at modest or reasonable cost
Be reasonably easy and convenient to operate by typical air monitoring personneldiaocero

measurements of good accuracy and precision

1 Be reasonably and routinely fietteployable for use as a quality assuraneierence in monitoring

networks

Table Al. List of sensors currently available for field and laboratory evaluation within the AQ-SPEC

program (updated on 08/01/16)

Sensor Compound(s) Measured
AeroQual Ozone 500 Gs
RTI MicroPEM PMes(reaktime & integrated)

Shinyei PM Sensor

PM.s

MetOne Community Monitor PM

MetOne ESampler PM

AQMD EBox (Dylos, Yoctopuce Met, Valarm) Particle Count, T, RH, BP
Speck (CMU) Airviz, In¢ersion 1 PMe.s

AirBeam PM monitor PMs

Sensaris Eco PM PMesand VOC, T, RH
Air Quality Egg PM, CO, N©

SDL307 mini laser PMo, PMes
Alphasense B4 N@Alphasense ISB) NG

Alphasense B4 N@vith Echem 328 board NO

Alphasense B4 Ozone (Alphasense ISB) Os

Alphasense B4 Ozone witkcBem 328 board Os

AQ Mesh (V3

NO, N@and Q, CO, and SO

AQ Mesh (V4.0)

NO, NQand Q, CO, and SO

Unitec Sensét

CO,N@ &

Alphasense PM

PMfractions
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ELM (1 deployment) Multi-gas(nonVOCand PM
2B POM Os
Partector LDSA (PM)
TSI AirAssure PMes
Landtec AQ Mesh (V1) NO, N@and Q, CO, and SO
Dylos DC1100/DC1700 Particle Count
Smart Citizen NO, N@Q CO,RH, T
Spec Sensors w/ IntEldison O3, NQ, SQ, CO
Air Quality Egg V2 38O Oz and S@
Air Quality Egg V2 CO/NO CO and N©
Libelium Multi-gas (VOC) and PM
Yoctopuce VOC VOC
ELM (29 deploymen) Multi-gas (VOC) and PM
3M AQM PM, NQ, NO, VOC
Awair T, RH, CHVOC, dust
Cube T, RH, CHVOC
Yoctopuse VOC w/Valarm VOC
Alphasense B4 03, CO, COHS, S@ NO, N@ VOC
AQMD Pilot Study PM
Table A2. Gaslnterferent Concentration (ppm) from 40 CFR Part 53 Talle B
Pollutant Analyzer type H,S | SO, | NO, | NO | CO; O; Water | CO
vapor
SQ Ultraviolet 0.1 | %0.14| 05 | 0.5 0.5 | 20,000
Fluorescent
SO Flame Photometric | 0.01 | %0.14 750 220,000| 50
SQ Gas Chromatography 0.1 | °0.14 750 220,000( 50
SO Electrochemical 0.1 |°.14| 05 | 05 0.5 | 220,000
SQ Conductivity %0.14| 05 750
O; Chemiluminescent | 20.1 750 | %0.08 | 220,000
Os Electrochemical 05 | 05 %0.08
CcO Non-dispersive 750 20,000 | °10
Infrared
CcO Electrochemical 0.5 20,000 | ®10
CcO IR Fluorescent 750 20,000 | °10
NG Chemiluminescent 05 | 3%.1| 05 20,000
NG Electrochemical 05 | %.1] 05| 750 | 05 | 20,000| 50

IConcentrations of interferent listed must be prepdrand controlled to +10%f the stated value

°Do not mix with the pollutant.

3Concentration of pollutant used for test. These pollutanhcentrationsmust be prepared to +10%f the stated
value.
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Table A3. A documented sequence fartypicalaerosol concentration ramping experiment

Seq# SeqTimeTemp RH Prelnj Inj Postinj Off Cyclnj TCT TFT CalSeq Purge
0 150 20 40 1 1 1 32 8 OFF
1 150 20 40 1 1 1 32 4 OFF
2 150 20 40 1 1 1 32 2 OFF
3 150 20 40 1 1 1 32 0 OFF
4 150 20 40 1 3 1 32 0 OFF
5 150 20 40 1 4 1 32 0 OFF
6 90 20 40 ON

STOP

T-700 at AQ-SPEC

- DURATION 40,0 MIN New Config
- MANLAL NOS2 0,033 12,000 OFF
- DURATION 40.0 MIN

Sequence Configuration r— Configuration—
& OzoneRamp, 13 STEPS Get Config. | Close |
Bl COramp2, 95TEPS
-- Fluzh, 3 STEPS Send Tolnst. |
B COramp3, 17 STEPS
=E Load Config. |
- MANUAL NOS2 0.01012.000 OFF
- DURATION 40.0 MIM Save Config. |
- MaNUaL NO82 0.02212.000 OFF

Hew Seguenc

- MANUAL NOB2 0.050 12.000 OFF ~ Selection
- DURATION 40.0MIN Mew Step | Mave Up
- MANUAL NOB2 0.07012.000 OFF
- DURATION 40.0 MIN Duplicate | tdoeve Do |
- MANUAL WOB2 0.00012.000 OFF
- DURATION S0.0MIN Properties | Expand Al |
- STANDEY
- COrampHZ, 12 STEPS Dielete | Collapss Al |
- COrampH3, 23 5TEPS

- 03own, 31 STEPS
- COwvn, 26 STEPS

[ rm W e B |
i e o gy

- Status

Figure Al. A documented sequence fartypicalozone concentration ramping experiment
Chamber system maintenance

To ensure optimal performance of the chamber system, a series of operation and maintenance efforts are
conducted regularly.

Environmental Chamber:
1. Chamber walls are wiped clean with isopropyl alcohol before the start of an experiment.
2. lon exchange water filter is replaced as indicated by color change.
3. Aerosol mixing duct is cleaned every 6 months or sooner.
4. Chamber HVAC system is inspected by an external consultant every 12 months.
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Zero-air Generation System:
5. Catalysts in th&eroair scrubber are changed every 12 months or sooner if clearly shown by the
indicator.

Aerosol/Gas Generation System:
6. Dilution calibrator is calibrated every 12 months.
7. PALAS aerosol generator is flushed with deionized water for 20 minutes aftel dajubf
experiment.
8. TOPAS solid aerosol generator is cleaned after each completed sensor testing.

Reference instrument:
An analyzer is calibrated (or recalibrated):

. upon initial install ation,

e following physical relocati on,

« after anyice tha might affect it®calibratierr, v

e following an interruption in operation of more
e upon any indication of analyzer malfunction or
e at some routine interval (see below).

9. FRM gas analyzers are calibrated usiengified gas cylinders every 6 months, and span calibrated
before the start of testing a new sensor.

10. FEM GRIMM dust monitor is regularly maintained as indicated by the instrument manufacturer.
Maintenance includes filter change, tubing flushing with oledr, memory card restoration.
GRIMM dust monitor is sent back to the manufacturer focaéibration every 12 months.
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